A series of three sediment cores were collected in Lake Tanganyika, Africa, and were analyzed for mercury concentrations. For all three cores, a decrease in mercury (Hg) levels was observed from the 1600's (appx. 20 ng/g) until concentrations reached a minimum during the mid-1800's (appx. 10 ng/g). The mid-1800's marked a change from decreasing mercury levels to an increase over the following century Hg concentrations suggest that the mercury levels in this system are dominated by fossil fuel combustion rather than other anthropogenic impacts.
Abstract
A series of three sediment cores were collected in Lake Tanganyika, Africa, and were analyzed for mercury concentrations. For all three cores, a decrease in mercury (Hg) levels was observed from the 1600's (appx. 20 ng/g) until concentrations reached a minimum during the mid-1800's (appx. 10 ng/g). The mid-1800's marked a change from decreasing mercury levels to an increase over the following century. The core tops (circa 2006) have concentrations greater than 70 ng/g. The onset of the rise in mercury concentrations coincides with the beginning of the Industrial Revolution in the mid to late 18 th century. Relationships between previously analyzed  13 C values in carbonates and
Hg concentrations suggest that the mercury levels in this system are dominated by fossil fuel combustion rather than other anthropogenic impacts. V. Conclusions………………………………………………………………………20
Introduction
Lake Tanganyika is a thermally stratified, tropical rift lake in Africa located between ~3° and 9° S (Hutchinson, 1957 , Langenberg et al., 2002 , Verburg et al., 2003 ( Figure 1 ). Lake Tanganyika is the second deepest lake in the world and is bordered by four countries; Tanzania, Burundi, Zambia and the Democratic Republic of the Congo (Hutchinson, 1957) . Because Lake Tanganyika is a rift lake, it has steep sides with multiple shelf platforms, which make for ideal conditions to extract sediment cores (Rosendahl et al., 1986) . These platforms allow for the accumulation of biogenic and abiogenic sediment that may provide a history of lake chemistry and biology (Fitzgerald et al., 1998) . The chemistry of the lake is currently dominated by the alkaline-rich surface waters from Lake Kivu, which causes the lake to be supersaturated with respect to carbonate (Cohen et al., 1997) . This supersaturation has lead to a suite of calcium carbonate deposits, particularly within shallow water parts of the lake (Cohen et al., 1997; McManus et al., 2015) . In addition to the lake's carbonate chemistry, there is a chemocline at ~150 meters water depth below which the lake is anoxic. (Edmond et al., 1993) . The presence of the chemocline can foster the preservation of organic matter as well as a variety of other constituents (Brucker et al., 2011) .
Mercury is a toxin that has consistently accumulated within the environment since the start of the 19 th century (Aaronson, 1971) . When fossil fuels are combusted, mercury is emitted into the atmosphere (Schofield, 2008) . When mercury enters the atmosphere, it can undergo chemical oxidation (Selin et al., 2009 ). This oxidation transforms primarily elemental mercury (gas) to inorganic mercury compounds (Schroeder et al., 1998) .
Mercury can remain in the atmosphere for over a year and the slow oxidization rate and subsequent removal from the atmosphere allows for global transport of mercury from its source area throughout the global environment (Morel et al., 1998) . Inorganic mercury can mix with water in the atmosphere and be deposited onto the Earth's surface via precipitation (Schroeder et al., 1998) . Inorganic mercury can also settle back down to the Earth without precipitation through gravitational settling (Wesely and Hicks, 2000) .
Inorganic mercury can then settle into nearby watersheds (Galbreath et al., 1996) . When the inorganic mercury reaches surface water, it can be converted into various organic species by iron-and sulfate-reducing bacteria in the water or be released back into the atmosphere via volatilization (Benoit et al., 1999; Gilmour et al., 1998; Kerin et al., 2006 , Selin et al., 2009 ). Approximately two thirds of the mercury in the atmosphere and acquatic environment are of anthropogenic origin (Morel et al., 1998) . In addition to being found in oil and coal, mercury is also introduced into the environment by nonanthropogenic processes such as cinnabar dissolution and volcanic emissions (Morel et al., 1998; Lindberg et al., 2007; Ravichandran et al., 1998) .
The most toxic form of mercury, methlymercury, is an organic species of mercury created by bacteria. Methlymercury is retained more readily by organisms because it takes longer for organisms to remove methlymercury than other species of mercury, which increases the likelihood of bioaccumulation (Krabbenhoft et al., 1995; Morel et al., 1998) . Once methlymercury is deposited or generated in lakes, it can be taken up by microorganisms (Morel et al., 1998) . If mercury is retained in the microorganisms, it can then be passed on to other organisms higher up the trophic ladder (Morel et al., 1998) .
Because mercury bioaccumulates up the food chain, increased mercury levels can negatively affect lake ecosystems having harmful effects on higher organisms (Sindayigaya et al., 1994; Thomas et al., 1979) .
Lake Tanganyika contains many fisheries that supply protein to over one million people in the surrounding countries (Campbell et al., 2008) . A mercury concentration of 180 ng/g is the consensus-based effect level (MacDonald et al., 2000) . 486 ng/g is the probable effect level of mercury and concentrations greater than this are when frequently occurring harmful effects are expected (Smith et al., 1996; MacDonald et al., 2000) . High levels of mercury can cause a variety of health problems once consumed by humans and other animals (Karimi et al., 2002) . Although mercury levels in Lake Tanganyika are currently well below the harmful consensus-based threshold effect level (Benemariya et al., 1991) , fossil fuels are continuously being burned and combined with other activities may lead to harmful mercury concentrations in the future. In addition to being found in oil and coal, mercury is also introduced into the environment by non-anthropogenic processes such as cinnabar dissolution and volcanic emissions (Morel et al., 1998; Lindberg et al., 2007; Ravichandran et al., 1998) .
In this thesis, I investigate the timing and magnitude of the increase in mercury concentrations within Lake Tanganyika sediments. Because Hg has a dominant source from fossil fuel combustion, in this thesis I also present previously published data on the carbon isotope composition of the carbonate minerals that are accumulating within the sediment package. The rationale for presenting  13 C data in combination with the sediment Hg concentrations is that the combustion of fossil fuels has caused a rise in atmospheric CO2 and this anthropogenic CO2 has a low  13 C (Battle et al., 2000; Lichtfouse et al., 2003) . This anthropogenic carbon isotope signature is transferred from the atmosphere to aquatic systems as dissolved total CO2 and then to the precipitating carbonate minerals where it can be buried within the sediments. Hence, the  13 C profile of Lake Tanganyika can provide a record of fossil fuel combustion.
Materials and Methods
Sampling methods were previously discussed (Brucker et al., 2011; McManus et al., 2015) but will be briefly restated here. A four-position Hedrick/Marrs multicorer collected the sediment cores analyzed in this study. Two cores were collected at each site.
Cores from three sites (70 m, 120 m and 332 m) will be added to previously unpublished data from our laboratory to provide a more complete analysis of the mercury concentrations over the past 200 years. Sediment ages are derived from previously reported sedimentation rates (McManus et al., 2015) . The sedimentation rates for the 72 m, 107 m, and 332 m cores, were 0.07 cm y -1 , 0.09 cm y -1 , and 0.05 cm y -1 respectively.
Using these sedimentation rates, the depth of each sample was converted to age.
Mercury concentrations were measured using the HydraC II Mercury Analyzer at
The University of Akron. Standardization was achieved by using varying amounts of the standard reference material MESS3 (National Research Council Canada, from Beaufort Sea) to develop a standard curve. Because the standard has a certified mercury concentration of 91± 9 ng/g, which is at the upper end of the concentration range measured in the samples, this approach allows for bracketing the sample concentrations.
Samples were placed in tin boats that had been cleaned by baking for 15 min at 800 °C.
Sample sizes are restricted to <0.5 g due to the size of the tin boats. Blank values of tin boats were measured with each run. All sample values were corrected for the blanks.
Samples from the pre-industrial period required measuring by multiple sample additions to detect the low mercury concentrations. The carbonate concentration, organic carbon concentration, and  13 C values of carbonate were taken from McManus et al (2015) .
Results

72 m Core
Sediment carbonate concentrations of the 72 m core followed three trends from ~1550 to ~2002 (Figure 2A ). Concentrations decreased to just over 28% in ~1559 until a minimum of ~13.0% was reached in ~1617. Concentrations then rose from ~1617 to ~1850 to a maximum concentration exceeding 73%. CaCO3 percentages declined to ~40% in 2002. A rise in organic carbon (OC) percentage of the 72 m core generally corresponds to the decline in the percentages of the sediment CaCO3 ( Figure 2B ).
Organic carbon concentrations of the 72 m core followed three trends. Concentrations rose from ~2.6% to a maximum of over 3.5% over the period of ~1550 to ~1633.
Concentrations then began to decrease from ~1633 to ~1850 until a minimum of ~1.5% was reached. Concentrations have since risen to nearly 3.5% in 2002.
A decrease from ~1850 to ~1984 is observed in the  13 C of the 72 m core ( Figure   2C ). During this time period,  13 C falls from ~3.86‰ to ~3.51‰.
Mercury concentrations prior to the 19 th century nearly remained constant in the 72 m core ( Figure 2D ). Concentrations fluctuated slightly between 10 ng/g and 22 ng/g from ~1567 to 1834. An increase in concentrations is observed from ~1834 to ~1973 when concentrations rose from values less than 11 ng/g to over 70 ng/g. Figure 3A and 3B). However the core does not include sediments from years prior to 1646. Sediment CaCO3 is at a minimum of ~4.6% in ~1671 when it begins to rise to over 60% in ~1865 ( Figure 3A ).
The rise is followed by a lowering of under 6.0% by ~1955. Organic carbon is at a maximum in ~1646 and lowers to a minimum of ~2.0% in ~1735 ( Figure 3B ). Organic carbon concentrations rose to ~3.5% in ~2000.
The  13 C of the 120 m core shows two trends ( Figure 3C ). The first is an increase from ~3.54‰ to 4.09‰ from ~1666 to ~1717. A period of little variation follows the increase until ~1824. The second trend is a decrease from ~4.09‰ to ~3.05‰ from There are significant variations in  13 C prior to ~1750 ( Figure 4C ). Prior work has not indicated the driver of these variations. 
Carbonate and Organic Carbon effects on Mercury
In all three cores the variation in calcium carbonate (CaCO3) concentrations are likely related to changes in water level and the supply of alkalinity to the lake (Craig 1974; Talbot et al., 2006; McManus et al., 2015) . Consistent with this idea, the highest CaCO3 values are observed to coincide with the lake high stand, which occurred in ~1878 (Alin and Cohen., 2003) . Prior to the high stand, lake levels and CaCO3 values were With reference to Hg cycling there appears to be no variation between the CaCO3 and organic carbon distributions with mercury. When the increase in CaCO3 is occurring from ~1600-1850, the mercury concentrations remain relatively constant (10-25 ng/g).
Because the CaCO3 and the corrected OC changes likely result from changes in lake level and lake chemistry (McManus et al., 2015) , the lack of a change recorded in mercury concentrations implies that mercury is unaffected by these changes. Furthermore, the overall lack of covariation implies that changes in the character or composition of the sediment have no effect on the mercury distributions in Lake Tanganyika.
Increases in Mercury Concentrations during the Industrial Period
The rise in mercury concentrations coincides with the beginning of the Industrial Revolution, which began in the 19 th century (Renberg et al., 1994) . The emission of mercury into the atmosphere via combustion and burning of fossil fuel is most likely the cause of the increase (Joensuu, 1971) . As with Hg, CO2 is also released into the atmosphere when fossil fuels are combusted and burned (Körtzinger and Sonnerup, 2003) . This anthropogenic CO2 has a low  13 C value (Körtzinger and Sonnerup., 2003) .
Close correlations between  13 C values in carbonates and mercury concentrations suggest that the mercury levels in this system are indeed tied to fossil fuel combustion rather than other anthropogenic impacts ( Figure 6 ). Deforestation in the watershed has potentially played two key roles in the measured changes in Lake Tanganyika sediment mercury. First, deforestation removes supportive root systems from the ground, which in turn can increase erosion rates (Bootsma and Hecky, 1993) . Second, the trees that are removed are burned and could release mercury into the atmosphere, which eventually can accumulate in the soils or be deposited into the lake (Bootsma and Hecky, 1993) . The combined effect of enhanced mercury deposition and elevated erosion rates could lead to increased transport of mercury into the lake sediment from the surrounding watershed. The increase in mercury concentrations can also be due to gold mining that occurred in the region (Taylor et al., 2005) . A large amount of gold was extracted from mines in countries surrounding Lake Tanganyika beginning in the 1930's (Kuehn et al., 1990; Foster et al., 1993; Conaway et al., 2012) . Mercury was used as part of the mining procedure (Ikingura et al., 1996) . An extraction process called amalgamation was used which can contaminate the air, water and sediments in the region with mercury (Taylor et al., 2005) . Much of the mining in the region was unregulated which allowed for mercury contamination when the amalgam was burned (Taylor et al., 2005) . While contamination has been recorded near these mining regions, a study of the fish in Lake Tanganyika showed low mercury concentrations which likely means mining had little lasting impact on the mercury concentrations in the lake (Taylor et al., 2005) . It is likely that organic material in swamps and grasslands nearest the Rwamagasa region absorbed the mercury from the mining (Taylor et al., 2005) . It is difficult to tell from the data if these processes had an impact on the mercury in the sediment in Lake Tanganyika. Increases in the concentration of mercury occurred around the time that gold mining and deforestation occurred, but the  13 C of carbonates in the system indicates that the increases are mostly affected by the emission of fossil fuels.
Conclusion
Close correlations between  13 C of Carbonates and mercury show that the burning of fossil fuels, rather than other anthropogenic affects, has led to a noticeable increase in mercury concentrations in Lake Tanganyika sediment since ~1850. Although increases in mercury were observed, concentrations have not yet reached the threshold effect level of 180 ng/g (MacDonald et al., 2000) . If the mercury trend continues, serious health problems can occur in the areas near Lake
Tanganyika that rely on fish for consumption. I project that in ~2100, the threshold effect level will be reached and in ~2200, the probable effect level of 486 ng/g will be reached if the current trends were to continue( Figure 7 ). Over time, mercury in the lake has low variability and is insensitive to changes in lake or sediment chemistry. 
